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The present study analyzed the Peruvian scallop Argopecten purpuratus and its food sources for metal and
fatty acid concentrations in order to determine spatial and temporal differences. Metals such as copper
(Cu), manganese (Mn), and zinc (Zn) in gills and iron (Fe) and Zn in sediments were the most signiﬁcant
explaining factors for spatial differentiations (degree of contamination), while for fatty acids, it was
C14:0, C15:0, C16:0 and C18:0 in A. purpuratus' muscle and in its food sources, which explained more
temporal differences (El Ni~no-Southern Oscillation (ENSO) effect). Gills, digestive gland and intestine
were the tissues where metal accumulation was the highest in A. purpuratus. Cd in digestive gland was
always high, up to ~250-fold higher than in other tissues, as previously reported in other bioindicator
species for metal pollution. Fatty acids were good biomarkers when annual comparisons were per-
formed, while metals when locations were compared. ENSO 2017 played an important role to disen-
tangle A. purpuratus’ biological conditions and food sources. A. purpuratus from Paracas locations mostly
showed higher metal concentrations in gills and digestive glands, and lower fatty acid concentrations in
muscle than those from Sechura and Illescas Reserved Zone.
© 2019 Elsevier Ltd. All rights reserved.rtment of Biology, Marine
iza).1. Introduction
Peruvian scallop Argopecten purpuratus is known as bioindicator
species, however little in situ studies have been conducted to proof
this assumption (Cornejo-Ponce et al., 2011; Zapata et al., 2012;
Loaiza et al., 2015; Romero-Murillo et al., 2018). Other scallop
species such as Chlamys farreri, Aequipecten opercularis,
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alba are used as bioindicator species or marine pollution sentinels
in different studies due to their wide distribution, high bio-
accumulation efﬁciency and important commercial value (Wu and
Groves, 1995; Bustamante and Miramand, 2004; Metian et al.,
2009b; Guo et al., 2017; Breitwieser et al., 2018). They are mainly
sedentary organisms that ﬁlter large amounts of water, allowing
them to accumulate elements from the environment (Beukers-
Stewart et al., 2005; Mendo et al., 2016; Kanduc et al., 2018).
Nevertheless, only few monitoring programs consider scallops as
sentinel organism, compared to the numerous monitoring pro-
grams that use marine mussels (e.g. Mytilus spp.) as bioindicator
species, e.g. the US Mussel Watch Program, UNEP in the Mediter-
ranean Sea, and OSPAR at the North and Baltic, among others.
Multi-biomarker approaches and the use of ecological tracers is
an up-to-date tool for monitoring environmental conditions and
quality and/or for assessing pollution (Viarengo and Canesi, 1991;
Sardenne et al., 2017). This approach also helps to understand the
species’ biological response to adverse effects from environmental
pollution (Kanduc et al., 2018). Metals are considered as tracers
since they are transferred and bioaccumulate within organisms,
while biochemical compounds such as fatty acids are characterized
as biomarkers (Milinkovitch et al., 2015; Sardenne et al., 2017).
Filimonova et al. (2016) reviewed the potentiality of fatty acids as
biomarker for chemical stress such as metallic and non-metallic
pollution, and concluded that fatty acid proﬁling is a promise tool
to understand biological responses. The use of a biomarkers battery
is a more trustful approach to assess the environmental health, this
minimizes the large amount of natural variables that act as con-
founding factors on biomarkers responses (Bouzahouane et al.,
2018). Fatty acids and stable isotopes such as d15N are also
commonly used to see effects of anthropogenic activities in food
webs. They reﬂect the food quality, nitrogen enrichment and de-
gree of eutrophication in an ecosystem (Fischer et al., 2014;
Puccinelli et al., 2016). Environmental variables (e.g. temperature,
salinity, etc.) can explain part of the biomarker responses and can
be monitored simultaneously, to understand the role of some
exogenous factors (Kanduc et al., 2018).
The most important A. purpuratus natural banks and aquacul-
ture areas are available along almost the entire coast of Peru, e.g. in
Sechura Bay, Paracas Bay, Independencia Bay, Samanco Bay, Tor-
tugas Bay and Lobos de Tierra Island (Wolff et al., 2007; PRODUCE,
2019). Among the twelve international trade Pectinidae species,
A. purpuratus is considered one of the most important commercial
Pectinidae (Cisneros et al., 2008; Loaiza et al., 2015). Its high
nutritional properties and great acceptation in the global market
led to exports of about 168 million US$ export per year (Kluger
et al., 2016; Mendo et al., 2016; Loaiza et al., 2018). Nevertheless,
El Ni~no-Southern Oscillation (ENSO) impacted the coast of Peru
during 2016 and 2017. ENSO 2016 caused ﬂooding but was much
less severe than expected, in contrast to the ENSO 2017 which
drastically impacted many regions in Peru due to ﬂooding and
other ENSO-driven natural disasters (Emerton et al., 2017; Loaiza
et al., 2018). Economic activities such as A. purpuratus aquaculture
considerably decreased during the ENSO 2017. High mortality of
A. purpuratus individuals occurred in culture areas in northern Peru
(i.e. Sechura Bay), where normally the highest production is ach-
ieved (PRODUCE, 2018; pers. obs). Total A. purpuratus harvested
was 21000MT and 15 600MT in 2016 and 2017, respectively, while
in previous years it reached 67 700MT (2013). These scenarios
where environmental changes produce adverse effects for marine
organisms (e.g. ﬂood-driven contaminants), are a good opportunity
to evaluate the potentiality of some species as bioindicator species.
Therefore we examined if A. purpuratus could be used as potentialbioindicator species of pollution and of harsh-environmental
conditions.
As previously described by Loaiza et al. (2015, 2018), anthro-
pogenic and industrial activities are conducted in the north of Peru.
Oil, metallurgic and non-metallurgic and ﬁshery industry are per-
formed in northern Peru, as artisanal ﬁsheries and aquaculture.
These activities are impacting the area of Sechura Bay and nearby
Illescas Reserved Zone. In the center-south of Peru, such as Paracas
Bay, historical ﬁshery industry hardly impacted the ecosystem. In
2004 a 14 km long submarine emitter APROPISCO was built to
discharge efﬂuents and contaminants from the ﬁshery factories
outside the buffer zone of National Paracas Reserve. Other
anthropogenic and industrial activities are also performed in
Paracas, such as Camisea Gas Fractionation Plant e PLUSPETROL,
ﬁsheries, aquaculture and port activities (SNP, 2003; DIGESA,
2008). It is noteworthy to mention that southern Peru has been
described as a natural metal-rich ecosystem, the earth crust
exhibited high concentrations of metals, e.g. Cd and Pb (Barriga-
Sanchez and Pariasca, 2018; DIGESA, 2018; SANIPES, 2018).
In this study, a multi-parameter approach was implemented
using biomarkers and/or ecological tracers in A. purpuratus and its
potential food sources. For this purpose, as our goal was to cover
spatial and temporal variability and to determine its capability as
bioindicator species, we chose to monitor spatial and temporal
variations of seven metals in six different tissues, and 19 fatty acids
and one stable isotope in muscle tissue of A. purpuratus. Metal and
fatty acid concentrations in food sources were also analyzed during
the ENSO 2016 and ENSO 2017.2. Materials and methods
2.1. Sampling procedure
In the north of Peru, samplings were conducted in Sechura Bay
(SB) and Illescas Reserved Zone (IRZ) in January (1S) andMarch (2S)
2016, and in January (3S) and March (4S) 2017. In the center-south
of Peru, samplings were conducted in Paracas Bay (PB) during
January (3S) and March (4S) 2017 (Fig. 1). A. purpuratus samples
were collected by semi-autonomous diving and hand at ﬁve loca-
tions: southern (SL) and northern (NL) locations in SB; one in front
of IRZ, and in two locations (PL1 and PL2) northwest of PB (Fig. 1).
Organisms were kept alive during transport, and then preserved
frozen at 20 C (with the exception of few A. purpuratus in-
dividuals from 4S which were moribund due to ENSO 2017).
A. purpuratus individuals from different sizes (30e80mm shell
length; n¼ 870 approx.) and origin (natural banks and aquacul-
ture) were sampled in order to cover sufﬁcient possible variability,
and to determine their potential as bioindicator species
(Bustamante et al. 2005a). Six different tissues (mantle, gonad,
digestive gland, muscle, intestine and gills) were considered during
the dissection. All tissues were separated, cleaned and weighted for
trace metal analysis, and the muscle was also analyzed for fatty
acids content and stable isotope (d15N). Scallops were collected
with the permission of ACQUAPISCO SA (SL, NL, PL1, PL2) and NEMO
CORPORATION SA (IRZ).
A. purpuratus’ potential food sources such as seston, particular
organic matter (POM; sensu lato) and sediment were also collected
in each location. Seston was not collected in SB northern location
and in PB locations due to oceanographic conditions and/or facil-
ities. In other locations, traps were put by semi-autonomous diving
during 7e11 days, after which they were uninstalled for water
collection, while water-bottom samples were collected directly
from the bottom (Aguirre Velarde et al., 2015). Sediment was
collected with a core (internal diameter: 10.16 cm) to down to a
Fig. 1. Location of the sampling areas at Sechura Bay (inc. Illescas Reserved Zone) and Paracas Bay. Southern (SL) and Northern (NL) locations in Sechura Bay; one location in front of
the Illescas Reserved Zone (IRZ), and PL1 and PL2 in Paracas Bay.
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ﬁltered over a GF/F ﬁlter (0.7 mm pore size). Filters and sediments
were frozen and preserved at 20 C for metal and fatty acid
analysis.2.2. Metal analysis
Arsenic (As), cadmium (Cd), copper (Cu), iron (Fe), manganese
(Mn), lead (Pb) and zinc (Zn) were determined following Loaiza
et al. (2018). Frozen tissues and food sources (ﬁlters and sedi-
ments) were dried for at least 72 hrs at 60 C. The dried tissues were
weighed and separated into small (<0.06 g) and large (>0.06 g)
tissues. Small and large tissues were digested overnight with
respectively 1 or 2.5ml of highly puriﬁed concentrated 69% nitric
acid (HNO3). For ﬁlters, 4ml of highly puriﬁed concentrated 69%
HNO3 was used. Then all samples were heated to 110 C during
30min in the digester. After cooling (~10min), 0.1, 0.25, 0.5ml of
hydrogen peroxide (H2O2) was added for small tissues, large tissues
and ﬁlters, respectively. The samples were heated again during
30min at 110 C to complete the total digestion. The digested
samples were diluted up to 5 (small), 10 (large) and 40 (ﬁlters) ml
with Milli-Q grade for the metal analysis. Dried sediment samples
were put in glass tubes and digested in 2ml of highly puriﬁed
concentrated 69% HNO3 in the closed system SP-Discover Micro-
wace (CEM, USA) (15min per sample). Digested samples were then
diluted till 10ml in 14ml tubes with Milli-Q grade for the metal
analysis (As, Cd, Cu, Fe, Mn, Pb and Zn). All metal analyses were
conducted by inductively coupled plasma mass spectrometry (ICP-
MS). For samples that were below the detection limit (BDL) of the
ICP, an extra analysis with the high resolution inductive coupled
plasma mass spectrometry (HR-ICP-MS) was performed.
For tissues, the quality control was performed by the analysis of
standard referencematerial (SRM) of mussel tissues (2976, National
Institute of Standards and Technology, NIST), which was treated
and analyzed in the same way as the samples. The recovery ranges
for the mussel tissue were 99.6e113.9% (n¼ 66, per metal) for As,
Cd, Cu, Fe, Mn, Pb and Zn. The limit of quantiﬁcation (mg/L) was 0.1
for As, Cd, Cu, Mn and Pb, and 5 for Fe and Zn in ICP-MS, and 0.001for all metals in HR-ICP-MS. For ﬁlters and sediment, the certiﬁed
reference material was the Channel Sediment BCR-320R, which
exhibited recoveries from 83.8 to 114.4% (n¼ 8, per metal) for As,
Cd, Cu, Fe, Mn, Pb and Zn in 2016. For 2017, the Estuarine Sediment
BCR-277R (n¼ 14) was used as reference material, and the re-
coveries were consistent but lower, around 70.3% for sediments and
94.4% for ﬁlters. The recoveries were used in order to calculate the
ﬁnal concentrations. Sediments and ﬁlters were measured in HR-
ICP-MS, with a detection limit of 0.001 mg/L. All metal concentra-
tions were calculated on a dry weight basis (mg/g dwt).2.3. Fatty acid analysis
Fatty acids (FAs) of tissues, ﬁlters and sediments were extracted
and methylated to FA methyl esters (FAMEs) by a modiﬁed 1-step
derivatization method following Abdulkadir and Tsuchiya (2008)
as in De Troch et al. (2012). Samples were freeze-dried for at least
48hrs. Then freeze-dried samples were weighted and placed in
glass tubes of 7ml for tissues, and 10ml for ﬁlters and sediments.
Subsequently 2 or 3ml of 2.5% sulfuric acid (H2SO4)-methanol so-
lution (in a proportion of 1:4) was added for respectively tissue
samples and ﬁlters/sediments. Internal standard (1mg/ml of
methylnonadecanoate C19:0) was added and the solution was
stirred in vortex for 10 s, this before they were placed in a water
bath at 80 C for 90min. Samples were cooled down to room
temperature (~5min) and 1ml of hexane and 1ml of sodium
chloride (NaCl) (0.98%) were added for tissues, and 1.5ml of hexane
and 1.5ml of NaCL (0.98%) for ﬁlters and sediments, followed by
stirring again for 10 s. Samples were placed in a centrifuge 5810 R
(Eppendorf) at 160 g speed for 10min. Then, the extracted samples
in hexane (upper layer) were transferred to small vials with sodium
sulfate (Na2SO4) for the last remaining water absorption for at least
1 h, and subsequently placed in a micro insert spring of 1ml for FA
analysis. For sediments and some ﬁlters, which contain low organic
material and FA concentration, three extractions of hexane (upper
layer) after centrifugation was performed in order to obtain more
concentrated FA.
The extracted FAMEs obtained were analyzed using a gas
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5973). The samples were run in split10 (tissues) and splitless (ﬁlters
and sediments) mode injecting 1 ml at an injector temperature of
250 C using an HP88 column (Agilent J&W; Agilent Co., Santa
Clara, CA, USA). The FAME were identiﬁed by comparing the
retention times and mass spectra with authentic standards and
mass spectral libraries (WILEY, NIST, FAME, own libraries) and
analyzed with MSD ChemStation software (Agilent Technologies).
The FAME quantiﬁcation was calculated by linear regression of the
chromatographic peak areas and corresponding concentrations of
the external standards, ranging from 100 to 1000 mg/ml for split10,
and from 50 to 200 mg/mL for spitless. All FA concentrations were
calculated on a freeze-dried weight basis (ng/g fdwt).2.4. Stable isotope analysis
Muscle tissues of A. purpuratus were pre-treated for stable
isotope (d15N) analysis. Tissues were oven-dried for at least
72 hrs at 60 C. After drying, the samples were ground to a ﬁne
powder using a mortar and placed in tin capsules (5e9mm) for
encapsulation, and then placed in a 96-multiwell plate. The tin
encapsulated samples were delivered to UC-DAVIS Stable Isotope
Facility at the University of California (USA) for d15N analysis. All
capsules were kept dried and pinch closed until the analysis
(Pasotti et al., 2015). The d15N determination was part of the results
of the dual isotopic composition (carbon and nitrogen) of the
samples, by using a PDZ Europa ANCA-GSL elemental analyzer 230
interfaced to a PDZ Europa 20e20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK; UC Davis Stable Isotope Facility, http://
stableisotopefacility.ucdavis.edu/).2.5. Data analysis
Statistical analysis was performed with R package 3.5.0. All data
were tested for distribution normality with Shapiro-Wilk test and
for homogeneity of variances with Levene's test. If these assump-
tions were not fulﬁlled, data were log-transformed and inverse
transformed. When it was not possible to fulﬁll these assumptions,
non-parametric analogues tests were used. To determine the most
important parameters in our multi-parameter analysis, principal
component analysis (PCA) was performed on metal and fatty acid
concentrations in tissues, seston, POM and sediment grouped perFig. 2. PCA results for metals in (A) A. purpuratus tissues and (B) food sources per location (
2017 as sampling months.location (IRZ, SL, NL, PL1, PL2) and sampling month (1S, 2S, 3S and
4S). Two-way ANOVA and post-hoc Tukey multiple comparison
were performed on the important variables (determined by the
PCA) using location and sampling period as ﬁxed factors. For non-
parametric data, an extension of Kruskall-Wallis test was used
with the post hoc non-parametric Kruskalmc test function (Loaiza
et al., 2015). Results were statistical signiﬁcant when p< 0.05.
Data analysis of environmental variables such as sea bottom
temperature (SBT), surface salinity (SS), river discharge (RD), pre-
cipitation (ppt) and bottom (BDO) and surface (SDO) dissolved
oxygen were only considered for SL in SB, as its location (northern
Peru) is the most affected and vulnerable to ENSO-driven oceano-
graphic conditions (Loaiza et al., 2018). A total of 14144 environ-
mental measurements were collected from public (i.e. SANIPES,
SENAMHI) and private institutions (i.e. ACQUAPISCO SA) from Peru,
as well as by using HOBO data loggers during the sampling period
(see Fig 10, supplementary material).3. Results
Metal concentrations in six different tissues of A. purpuratus
from the ﬁve locations showed that metals accumulated mainly in
the digestive gland, the gills and the intestine, followed by the
gonad, with high variations in metal concentration. Mantle and
adductor muscle contained the lowest metal concentrations
(Fig. 3). For metals such as As and Cd, the digestive gland concen-
trated levels up to 25 and 330 mg/g dwt, respectively. Fe also
showed high concentrations in digestive gland and intestine, up to
2900 and 15730 mg/g dwt, respectively. Intestine and gills were
efﬁcient tissues for the accumulation of As, Mn and Zn. Pb accu-
mulated at lower levels and showed no clear pattern (see Fig. 3).
When analyzing the results of all metals in all A. purpuratus’
tissues together, the PCA principal component (Dim1) explained
22.6% while the second principal component (Dim2) explained
10.2% of the total variation. It was difﬁcult to determine the most
important factors for the model because of the high number of
parameters (Fig 2AL, 2AM). However, metal concentrations in tis-
sue from Paracas locations seemed to be more explained by Dim1,
which were related to concentrations of Zn in gills and Mn in
digestive gland, whereas metal concentrations in tissue from
Sechura Bay and Illescas locations seemed to be more explained by
Dim2, mainly related to Fe in gonad and As in muscle (Fig 2AL). ItL) and month (M). January (1S) and March (2S) 2016, and January (3S) and March (4S)
Fig. 3. Metal concentrations (mg/g dwt) in six different tissues of A. purpuratus from Illescas Reserved Zone (IRZ), Sechura Bay (SL, NL) and Paracas Bay (PL1, PL2), 2016e2017.
I. Loaiza et al. / Chemosphere 239 (2020) 124767 5was difﬁcult to ﬁnd parameters to differentiate sampling month,
especially because 4S showed a high variability (Fig 2AM). When
analyzing metal levels in each tissue separately, results from PCA
improved considerably and the two principal components
explained between 54.0% and 70.8% of the total variation. Cu, Mn
and Zn contributions were explaining most of the variation in these
models (Fig 7; supplementary material). On the other hand, PCA on
metal concentrations for each metal separately gave models where
the two principal components explained between 50.9% and 78.0%
of the total variation. Gill metal levels contributed most to these
models (Fig 8; supplementary material).
For the variables contributingmost to the separation of samples,
Cu, Mn, Zn concentrations in gills, univariate analyses were per-
formed to test the effect of location and period (Fig. 4). Paracas
locations (PL1 and PL2) exhibited the highest Mn and Zn concen-
trations during the high-rain period (March 2017). Mn and Zn
concentrations at PL1 during March 2017 was signiﬁcantly higher
than the concentrations recorded at all the other locations, except
from the concentrations recorded at PL2 during the same period.
The sampling period and year had no signiﬁcant effect on the Mn
and Zn concentration in A. purpuratus gills collected in Sechura Bay
and Illescas Reserved Zone (Fig. 4). Location did not inﬂuence Cu
concentration recorded in A. purpuratus gills within the sameperiod (Fig. 4). However, there was a time effect on the Cu con-
centration in gills for some locations, especially during 2016. IRZ
and SL locations in January 2016 exhibited higher Cu concentra-
tions in A. purpuratus gills than in March 2016, and only signiﬁ-
cantly higher for SL. In 2017, there were no signiﬁcance differences
in Cu A. purpuratus gills among low (January) and high (March)-rain
periods and among years (Fig. 4).
PCA on metal concentrations was also performed using food
source data (seston, POM and sediment; Fig 2BL, 2BM) from IRZ, SL
and NL. The two principal components explained 45.8% of the total
variation (Dim1: 30.1% and Dim2: 15.7%). The main contributors
were Fe and Zn in this model, and sediment was the main
contributor to differentiate locations. IRZ, SL and NL were clearly
separated along the ﬁrst axis (Fig 2BL). There was no clear temporal
pattern (Fig 2BM).
The metals contributing most for food sources were Fe and Zn,
especially in sediments. Thus the univariate analysis was per-
formed using those variables. Sediments from SL exhibited the
lowest concentrations of Fe and Zn in all months (Fig. 5). NL was
always signiﬁcantly higher than SL, while IRZ when Zn concen-
trations were compared to SL during March 2016, January 2017 and
March 2017 (Fig. 5). Only IRZ showed signiﬁcance differences be-
tween the low- and high-rain periods during 2017 for both metals,
Fig. 4. Cu, Mn and Zn concentrations (mean± S.E; n¼ 6) in A. purpuratus gills from Illescas Reserved Zone (IRZ), Sechura Bay (SL, NL) and Paracas Bay (PL1, PL2), 2016e2017.
Different letters indicate signiﬁcant differences between groups (p< 0.05).
Fig. 5. Fe and Zn concentrations (mean± S.E; n¼ 4e6) in sediment from Illescas Reserved Zone (IRZ) and Sechura Bay (SL, NL), 2016e2017. Different letters indicate signiﬁcant
differences between groups (p< 0.05).
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concentrations. Annual comparisons indicated also signiﬁcant dif-
ferences between IRZ when January 2016 is compared to January
2017 for bothmetals, with higher metal sediment concentrations in
January 2017. On other hand, SL exhibited more variability for Fe,
with signiﬁcantly higher concentrations in January 2016 compared
to January 2017. However, the opposite trend was found for March
2016 against March 2017. NL did not exhibit any signiﬁcantly var-
iations in sediment metal levels among years (Fig. 5).
Fatty acids (FAs) in muscle of A. purpuratus and in food sources
from different locations and months were also used for PCA. Two
principal components explained 65.8% and 45.9% of the total vari-
ation, respectively. The main contributors were: C14:0, C15:0,
C16:0, C18:0, C20:2n-6, C20:4n-6 ARA, for muscle; and C14:0,
C15:0, C16:0, C18:0, C18:1n-9 for food sources (Fig. 9A, B;
supplementary material).
Saturated fatty acid (SFA) (e.g. C14:0) in muscle of A. purpuratus
decreased in 2017 compared to 2016. At NL, concentrations of C14:0
in A. purpuratus’ muscle were signiﬁcantly lower in the high-rain
period (March) than in the low-rain period (January) in 2017
(Fig. 6). Among locations, differences were only observed in 2017.
A. purpuratus muscles were signiﬁcantly higher in C14:0 in SL than
IRZ and PL2 in January, and also higher than NL and PL2 in March.
Annual comparisons were signiﬁcantly different for IRZ among
low-rain periods, and for NL among high-rain periods. In both casesC14:0 concentrations in A. purpuratus muscle decreased in 2017
(Fig. 6).
C15:0 concentration slightly decreased in muscles of
A. purpuratus in 2017 compared to 2016. Among periods, IRZ and NL
showed signiﬁcantly lower concentrations of C15:0 in muscle of
A. purpuratus from the low-rain period (January) compared to the
high-rain period (March) in 2017 (Fig. 6). The other locations did
not exhibit signiﬁcant differences for C15:0 in A. purpuratus' muscle
in 2016 or 2017. Among locations, only PL2 was signiﬁcantly higher
in C15:0 concentration than IRZ during January 2017. C15:0 con-
centrations were the highest in January 2016 in NL and IRZ, and
signiﬁcantly higher than in January 2017 (Fig. 6). The same pattern
of lower FA concentrations in 2017 in comparison with 2016 was
found for C16:0 in muscles of A. purpuratus. IRZ exhibited signiﬁ-
cantly lower C16:0 concentrations during the low-rain period
compared to the high-rain period in 2017. Among years, only the
muscle of A. purpuratus from IRZ-low-rain period exhibited sig-
niﬁcant differences in C16:0 between years (Fig. 6). For C18:0, more
important variations were found during the low-rain period among
years for all locations, but 2017 exhibited slightly less C18:0 con-
centration in A. purpuratus’ muscle than 2016. No signiﬁcant dif-
ferences of C18:0 in muscle of A. purpuratus were observed among
locations per period, and within location among periods. January
2016 exhibited the highest C18:0 concentrations which were
signiﬁcantly higher than January 2017 for Sechura and Illescas
Fig. 6. FA concentrations (mean ± S.E; n¼ 3e6) in A. purpuratus muscle from Illescas Reserved Zone (IRZ), Sechura Bay (SL, NL) and Paracas Bay (PL1, PL2), 2016e2017. Different
letters indicate signiﬁcant differences between groups (p< 0.05).
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Polyunsaturated (PUFA) (e.g. C20:2n-6) showed a slight
different pattern in terms of FA changes: only C20:2n-6 content in
A. purpuratus' muscle in IRZ decreased signiﬁcantly in 2017,
compared to 2016. The highest C20:2n-6 in muscle of A. purpuratus
were found in NL and SL in March 2017, they were signiﬁcantly
higher than in March 2016. In 2016, C20:2n-6 of SL in low-rain
period was signiﬁcantly higher than high-rain period. For 2017,
the opposite trend was found where IRZ and SL exhibited signiﬁ-
cantly lower C20:2n-6 concentrations in muscle of A. purpuratus
during low rains when compared to those at high rains. The other
locations did not exhibit signiﬁcant differences in C20:2n-6 con-
centrations among locations and periods (Fig. 6). The other selected
PUFA C20:4n-6 ARA also showed decreases of the FA in 2017, as
found for the non-saturated FA. Sechura and Illescas locations
exhibited signiﬁcantly lower concentrations of C20:4n-6 ARA in
muscle of A. purpuratus in January 2017 compared to those in
January 2016. Among locations, SL contained the higher and
signiﬁcantly different C20:4n-6 in A. purpuratus’ muscle than
Paracas locations (PL1 and PL2) during March 2017. The previous
year, NL and SL exhibited higher C20:4n-6 ARA concentrations in
muscle of A. purpuratus than IRZ (Fig. 6).
The FAs in potential food sources (seston, POM and sediment)
exhibited a similar pattern as FAs in A. purpuratusmuscle. The most
signiﬁcant and highest variations were observed in the annual
comparison, almost none when periods within the years were
compared. Among locations IRZ was depleted of some FAs such as
C16:0 and C18:0. SL and NL exhibited signiﬁcantly higherconcentrations of FA in food sources than IRZ. An opposite pattern
than for the FAs for A. purpuratus muscle was observed as food
sources showed the highest increases of concentrations during
2017. Also, a high variability was observed for all FA concentrations,
and hence overall no clear difference between locations and pe-
riods was found (Table 1).
The stable isotope d15N in muscle of A. purpuratus showed lower
variations in low-rain periods than those in high-rain periods
(Table 2, supplementary material). Among periods, IRZ, SL and NL
showed higher d15N in muscle of A. purpuratus from the high-rain
period (2S, 4S) compared to the low-rain period (1S, 3S) in both
years. Among locations, more clear differences in d15N
A. purpuratus' muscle were observed during the low-rain period
(January), 2016 and high-rain period (March), 2017. The other pe-
riods did not exhibit clear differences in d15N A. purpuratus' muscle
among locations. The highest d15N of 9.32± 0.29‰ was found in
A. purpuratus’ muscle from SL during (4S) high-rain period, while
the lowest (6.96 ± 0.19‰) in IRZ from (1S) low-rain period (Table 2,
supplementary material).
Environmental variables differed between 2016 and 2017: a
clear increase of sea bottom temperature (SBT) was observed in
2016 (from 20 to 24 C) and in 2017 (from 15 to 28 C) along the
sampling periods (ENSO-summer: JaneMarch) (see Fig 10,
supplementary material). Piura’ river discharge (RD) and pre-
cipitations (ppt) considerably increased during 2017, up to
2800m3/s and 80mm, respectively. The increases were even more
intense when only the high-rain (March) period was considered.
There was a lack of surface salinity (SS) registration, however the
Table 1
FA concentrations (ng/g fdwt) (mean± S.E; n¼ 3e5) in food sources from IRZ, SL and NL, 2016e2017.
Food source Year Sampling period Location C14:0 C15:0 C16:0 C18:0 C18:1n-9
Seston 2016 1S IRZ 79.02± 31.93 8.96 ± 3.561 0.00± 0.00 0.00± 0.00 6.93± 2.86
SL 59.48 ± 8.061 9.51 ± 1.831 78.26 ± 9.631 19.10± 1.26 9.37± 0.99
NL n.s n.s n.s n.s n.s
2S IRZ 27.90± 3.16 7.57± 0.92a 0.00± 0.00 0.00± 0.00 4.23± 0.50
SL 79.90 ± 6.481 19.80± 1.42b2 225.66± 20.09 32.41± 3.67 11.87± 0.99
NL n.s n.s n.s n.s n.s
2017 3S IRZ 138.80± 11.13a 26.60 ± 2.502 0.00± 0.00 0.00± 0.00 63.36± 5.81
SL 346.41± 24.42b2 68.97 ± 3.672 799.84 ± 48.652 125.49± 7.54 139.59± 8.58
NL n.s n.s n.s n.s n.s
4S IRZ 55.99± 7.21a 16.03± 2.93a 0.00± 0.00 0.00± 0.00 18.85± 2.15
SL 412.59± 37.70b2 156.73± 14.75b2 739.04± 67.60 122.32± 15.03 155.56± 13.08
NL n.s n.s n.s n.s n.s
POM 2016 1S IRZ 14.76± 10.57a1 2.69± 1.39a1 0.00± 0.00a 0.00± 0.00a 3.55± 1.97a1
SL 850.37± 73.08bc 63.79± 3.37bc 1144.97± 142.11b 294.23± 45.20b 186.91± 16.92bc
NL 206.91± 15.15b 47.48± 7.73b 457.38± 71.98ab 123.14± 20.80ab 63.16± 10.29b
2S IRZ 35.29 ± 9.961 5.09± 2.19b1 0.00± 0.00 0.00± 0.00 7.21 ± 2.891
SL 58.13± 30.24d 0.00± 0.00ad1 453.54± 279.14 137.52± 72.84 15.21± 11.55d1
NL 100.08± 27.89 13.75± 3.29b1 222.19± 62.70 48.19 ± 12.721 19.89 ± 5.381
2017 3S IRZ 775.07 ± 307.342 91.12± 34.82ab2 0.00± 0.00a 0.00± 0.00a 209.20 ± 83.582
SL 257.28± 134.25 41.64± 23.00a 629.48± 303.99ab 122.34± 57.48ab 144.20± 78.98
NL 1775.34 ± 98.31 175.19± 18.90b 3642.77± 262.94b 583.49± 69.88b 380.56± 19.49
4S IRZ 509.25 ± 134.441 86.46 ± 24.642 0.00± 0.00 0 .00± 0.00a 205.17 ± 34.422
SL 300.10± 97.51 116.19 ± 35.442 836.56± 295.20 165.21± 70.78ab 248.47 ± 72.772
NL 483.78± 185.31 70.08 ± 18.462 2013.18± 794.48 718.27± 316.20b2 292.00 ± 98.762
Sediment 2016 1S IRZ 0.50 ± 0.041 0.41 ± 0.061 0.00± 0.00 0.00± 0.00 0.23± 0.06
SL 0.58 ± 0.041 0.52± 0.03 2.95± 0.39 0.44 ± 0.031 0.16± 0.02
NL 0.69 ± 0.231 0.39 ± 0.141 2.14± 0.68 0.62± 0.19 0.11± 0.04
2S IRZ 0.40± 0.06a1 0.50± 0.10ab 0.00± 0.00a 0.00± 0.00a 0.15± 0.08
SL 1.15± 0.09b 0.81± 0.02b 5.75± 0.04b 1.20± 0.24b 0.16± 0.01
NL 0.40± 0.13a1 0.22± 0.07a1 1.21± 0.34ab 0.27± 0.07ab 0.12± 0.06
2017 3S IRZ 2.89 ± 1.232 1.22 ± 0.332 0.00± 0.00a 0.00± 0.00a 3.37± 1.65
SL 1.75 ± 0.092 1.22± 0.08 5.97± 0.31ab 1.29± 0.12ab2 2.87± 0.31
NL 3.13 ± 0.372 1.94 ± 0.272 10.10± 0.95b 2.23± 0.15b 5.97± 0.74
4S IRZ 1.18± 0.13a2 1.13± 0.09 0.00± 0.00a 0.00± 0.00a 2.78± 0.07
SL 1.42± 0.27a 1.15± 0.10 4.46± 0.56ab 0.84± 0.06ab 2.98± 0.17
NL 5.03± 1.22b2 2.57 ± 0.422 12.43± 2.30b 3.24± 1.26b 7.71± 1.35
For each fatty acid: different symbols (a,b) indicate differences between locations per period. Different letters (c,d) indicate signiﬁcant differences between periods per year,
and different numbers (1,2) indicate differences between years per location.
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beginning of March 2017 was impressive (see Fig 10,
supplementary material). A plume was also observed during the
Summer Sampling Campaign 2017, seawater became brackish-
water with a brownish color. At the same time a massive number
of A. purpuratus individuals and other benthic species started to die
in SL when the ENSO-2017 occurred (PRODUCE, 2018; pers.obs).
4. Discussion
The use of a series of elements and compounds as biomarkers
and/or ecological tracers in A. purpuratus (inc. potential food
sources) could help to disentangle different spatial and temporal
effects on the species and its environment. For that, a PCA analysis
was performed to determine the most important factors that
explain the variations; either in metal and/or fatty acid concen-
trations. The application of this multi-parameter approach analysis
was based on previous studies in marine species (e.g. C. farreri,
Stramonita haemastoma) that demonstrated a different environ-
mental health status in different areas (Guo et al., 2017;
Bouzahouane et al., 2018).
The PCA analysis of metals in food sources and speciﬁcally
sediments showed a clear distinction between Illescas Reserved
Zone (IRZ), and southern location (SL) and northern location (NL) of
Sechura Bay in this study. When using the most contributor metals
(Cu, Mn, Zn) in A. purpuratus’ gills, only Paracas Bay locations were
distinguished from Sechura Bay and Illescas Reserved Zone. Paracas
Bay has been impacted during many decades, unlike Sechura Bay.Despite the fact that the National Paracas Reserve is in embedded in
this bay, anthropogenic and industrial activities are conducted
along the buffer zone. The submarine emitter built in 2004
considerably helped to decrease contaminant concentrations along
the bay, however historical pollution is still present (SNP, 2003;
DIGESA, 2008).
Guo et al. (2017) also performed a multi-biomarker approach
using the scallop C. farreri as bioindicator species in China. In this
study, the most and least polluted locations could be distinguished
in the Qingdao coastal area. The snail S. haemastomawas also used
as biondicator species at the Algerian coastline. In this study, no
clear pattern was found spatially or temporally, however differ-
ences between 2 sites and a third one were found when Axis 1 was
considered, and Axis 2 helped to slightly differentiate the seasons
(winter, autumn, summer and spring) indicating that the potential
to use this methodology is present (Bouzahouane et al., 2018). Not
seasons but rain periods were considered in the present study, and
sampling was done during low (January)- and high (March) rain
periods during 2016 and 2017. Nevertheless, in our study no clear
differences between the rain periods or the years were found for
metal concentrations in A. purpuratus tissues and/or food sources in
the PCA analysis.
In order to determine the possible effect of the analysis of a few
A. purpuratus individuals that were moribund in March 2017 (4S),
P
FA concentrations were compared between the alive and the
moribund individuals (n¼ 12). This allowed to estimate the
possible degree of fatty acid degradation in the samples. Only in-
dividuals from SL exhibited signiﬁcant differences among the two
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P
FA concentrations were found in the mori-
bund individuals, which could imply that degradation was not
ongoing in those samples (Table 2; supplementary material).
Milinkovitch et al. (2015) evaluated biomarkers and metals in
M. varia from the French Atlantic Coast. From 14 trace metals, only
Ag exhibited signiﬁcantly differences among locations and there-
fore no clear pattern was found when metals were used in the
analysis.M. variawas also studied by Breitwieser et al. (2016) in the
same area, and again no clear pattern was found for seasonal and
spatial comparisons of metals either. This conﬁrms our results for
period and annual comparisons when metals were used. Studies in
situwith Pectinidae always showed high variability and complexity
due to endogenous and exogenous variables. Endogenous factors
contribute to intra-speciﬁc differences in individuals from the same
Pectinidae species; e.g. differences in capacity of accumulation,
depuration or elimination of metals, which are related to organism’
physiological performances. These differences were also inﬂuenced
by themetabolism and the size or age (inc. sexual maturity stage) of
the individual (Neff, 2002; Loaiza et al., 2015).
When considering exogenous factors, food (quality and quan-
tity) is the most important external factor that inﬂuence scallop’
metal accumulation according to several authors (Metian et al.,
2007, 2008a; 2009a; Hedouin et al., 2010). The dietary (i.e. phyto-
plankton) pathway constituted the 84e99% of the estimated global
metal (i.e. Cd, Ag, Co, Zn) bioaccumulation in different scallops
(Metian et al., 2007, 2008a; 2009a). Therefore, the concentration,
biochemistry and bioavailability of metal-contaminated food plays
an important role in accumulation. In this study, A purpuratus’ food
sources (incl. seston, POM and sediment) were affected by the
environmental conditions. ENSO was present in 2016 and 2017,
however the abrupt ENSO 2017, which induced increases of tem-
perature, high-rain periods and a drop of salinity by 9 PSU (Kluger
et al., 2018), might have considerably impacted and changed the
food composition for A. purpuratus. It is clear that studies on metal
uptake and kinetics (by using highly sensitive radiotracer tech-
niques) in A. purpuratus are urgently needed in order to better
understand the metal bioaccumulation mechanisms of this species.
A. purpuratus' digestive gland was the target organ for accu-
mulation of As and Cd. Cd concentrations were relatively high
(62e330 mg/g dwt). Other Pectinidae species such as M. varia
exhibited similar values, ranging from 9 to 80 mg/g dwt in the
French Atlantic ocean during two measurement periods in the
years 1995:1996 and 2013:2014 (Bustamante andMiramand, 2004;
Bustamante et al. 2005a; 2005b; Milinkovitch et al., 2015;
Breitwieser et al., 2016). A. opercularis and P. maximus, which were
also studied during those periods and P. maximus which was
sampled in 2000, showed Cd concentrations around 120 and
264 mg/g dwt (Bustamante and Miramand, 2004; Saavedra et al.,
2017), in accordance with our A. purpuratus digestive gland con-
centrations. The species Amusium balloti, Adamussium colbecki and
P. maximus from Australia, Antarctica and the English Channel,
exhibited similar values of about 111, 142 and 373 mg/g dwt
respectively as well, as seen here in A. purpuratus’ digestive gland
(Bryan, 1973; Mauri et al., 1990; Francesconi et al., 1993).
Other metals such as As were also found in similar (or slightly
lower) concentrations as in previous studies on other Pectinidae
species. Gonad, digestive gland, muscle and gills were found in a
similar range of 8e30, 10e25, 8e16, and 15e40 mg/g dwt, respec-
tively in C. varia (La Rochelle and Re Island) and P. maximus (Ría de
Arousa) as in our study (Bustamante et al. 2005a; Saavedra et al.,
2017). P. maximus also exhibited around 10 mg As/g dwt in mantle
tissue, similar to the A. purpuratus’ mantle of this study. Never-
theless, the species Comptopallium radula from New Caledonia
exhibited higher As values in digestive gland, muscle and gills, withvalues up to 340, 30 and 75 mg/g dwt respectively (Metian et al.,
2008b), which could imply that Maa Bay and Sainte Maire Bay
are more As-rich environments.
For Cu, a similar trend was found among the scallops, concen-
trations in a range of 2e15, 5e40, 2e10 and up to 5 mg/g dwt were
found for the gonad, digestive gland, gills and muscle, respectively.
These values were similar for A. purpuratus (this study),
A. opercularis (Bay of Biscay and Faroe Island), P. maximus (Bay of
Biscay and Ría de Arousa) and C. radula (New Caledonia)
(Bustamante and Miramand, 2004; Metian et al., 2008b; Saavedra
et al., 2008). The Cu-digestive gland concentrations of
A. purpuratuswere also in linewith the concentrations in A. colbecki
(Antarctica), A. opercularis (English Channel) and P. jacobeus
(Meditarranean Sea), respectively 12.6, 36.7 and 16.6 mg/g dwt
(Bryan, 1973; Mauri et al., 1990).
Fe concentrations in gonad, digestive gland, muscle and gills
from C. radula (Maa Bay and Sainte Maire Bay) were similar to those
from A. purpuratus (by average: 166, 1132, 34 and 511 mg Fe/g dwt,
respectively) (Metian et al., 2008b). For Mn, A. purpuratus also
showed average concentrations in the gonad, digestive gland,
muscle and gills, with values up to 68, 58, 8 and 93 mg/g dwt,
respectively, similar to those previously found in C. varia and
C. radula from La Re Island and New Caledonia (Bustamante et al.
2005a; Metian et al., 2008b).
The opposite trend was found for Pb and Zn; concentrations in
scallops, e.g. C. varia (France), P. maximus (Spain) and P. alba
(Australia) considerably exceeded Pb concentrations in
A. purpuratus (present study, only one exception of A. purpuratus
gills that exhibited a concentration of ~30 mg/g dwt). Concentra-
tions up to 0.9, 19, 5, 6 and 4 mg/g dwt were found in mantle, gonad,
digestive gland, muscle and gills of those species (Bryan, 1973;
Bustamante et al. 2005a; Saavedra et al., 2008). For Zn, concen-
trations up to 95, 885, 787, 175 and 569 mg/g dwt were found in
mantle, gonad, digestive gland, muscle and gills in A. opercularis,
C. varia, P. maximus and C. radula from different locations and
studies (Bustamante and Miramand, 2004; Bustamante et al.
2005a; 2005b; Metian et al., 2008b; Saavedra et al., 2008). These
concentrations were about 2e10 fold higher than those found in
A. purpuratus from this study.
The digestive gland is the most important organ for incorpora-
tion and retention of metals in scallops according to numerous
authors, which is conﬁrmed in our study. All the mentioned Pec-
tinidae species are considered as bioindicator species due to their
capacity of metal uptake, which also reﬂect the metal concentra-
tions in the environment (Bustamante and Miramand, 2004;
Metian et al., 2009b; Milinkovitch et al., 2015; Breitwieser et al.,
2016). Metal retention was estimated for the digestive gland of
P. maximus, C. varia, Chlamys nobilis and other bivalves. The diges-
tive gland is the most important organ for the uptake of Ag, Cd and
Pb, and the second most important for Mn and Zn (after the kid-
ney), regardless of the exposure pathway (i.e. waterborne, food or
sediment) (Metian et al., 2007, 2008a; 2009a, 2009b; Pan et al.
2008; Hedouin et al., 2010). The uptake and depuration kinetic
analysis also allowed to estimated biological half-lives (Tb1/2), based
on the depuration rate per metal and species. This elucidated
relatively long biological half-lives, e.g. Tb1/2 > 1.5 for Pb and Tb1/2
>4 months for Cd in C. varia and P. maximus (Metian et al., 2007,
2009b). C. nobilis also exhibited good metal retentions at subcel-
lular level, the organelles and cellular debris contained ~20% more
Cd and Zn, after 30 days of depuration (Pan et al. 2008).
In this study, the digestive gland as well as the gills of
A. purpuratus from Paracas locations showed higher metal con-
centrations (with exception of Cd) compared to those from Sechura
and Illescas, which was also reﬂected in the sediment
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and 280 mg/g dwt in digestive gland and gills respectively, while the
sediment reached up to 170 mg/g dwt in the same year. These
concentrations were up to 55, 20 and 16-fold higher than the other
locations for digestive gland, gills and sediments, respectively.
Pectinidae species, e.g. P. maximus in general show low metal bio-
accumulation efﬁciency from sediment-bound metals; however
once the metals are incorporated, they are strongly retained.
P. maximus retained 50e90% of the Ag, Cd and Pb transferred from
sediments after 16e31 days of depuration period (Metian et al.,
2007, 2008a; 2009b).
A. purpuratus gills also played an important role as most
explaining factor for spatial differentiation in the PCA analysis.
Therefore this tissue is also a promising indicator organ for envi-
ronmental pollution. Gills are in constant contact with the envi-
ronment as main interface, thus this organ efﬁciently incorporate
contaminants (Jing et al., 2006; Metian et al., 2008a). Filter-feeding
organisms such as A. purpuratus use the gills for respiration and
food consumption. Food sources are zoo- and phytoplankton, ses-
ton, bacteria, organic particulates, and resuspended sediment,
which probably are rich in metals (Loaiza et al., 2015; Mendo et al.,
2016).
PCA analysis on FA concentrations showed more differentiation
between years, and this is conﬁrmed when univariate analyses
were performedwith themost contributing fatty acids. Based on FA
in A. purpuratus’ muscle tissue and food sources, a clear patternwas
observed in the annual comparison per location, and an even more
clear picturewas observedwhen only the low-rain period (January)
was considered in the analysis. Environmental conditions such as
temperature (SBT), river discharge (RD), precipitations (ppt) and
surface salinity (SS) drastically changed in 2017, and even more
during the high-rain period (March) around the southern location
in Sechura Bay. Higher FA variability in tissues and food sources
were observed in 2017 compared to 2016. An alternative explana-
tion of the fact that we did not observe substantial changes be-
tween the low- and high-rain periods is the short term between the
evaluations. In contrast, the severe or strong El Ni~no occurring in
Peru seems to inﬂuence the degree of change in FA proﬁles and
constitutions. Therefore an annual analysis is more suitable when
biomarkers such as FA are used, while for spatial comparisons,
metals are the most suitable as previously described.
It is noteworthy to mention the presence of opposite patterns
for FAs in muscles and food sources: muscles showed the highest
decreases in FA concentrations, while the food sources showed the
highest increases in FA concentrations in 2017. Metals and FAs are
stable and time-integrated elements and compounds that reﬂect
accumulation and diets, over a relative long period of time. They do
not reﬂect changes on the short term (Dalsgaard et al., 2003;
Puccinelli et al., 2016). This could partially explain the fact that
A. purpuratus’ muscles did not internalize those FA-rich food
sources in 2017.
FA as biomarker exhibited more consistency and showed dif-
ferentiation in the annual comparison, when the ENSO played a
more important role. Filimonova et al. (2016) indicated a decrease
of FA concentration in bivalve mollusks in harsh-environment
conditions. This is in accordance with our results where
A. purpuratus, showed signiﬁcant decreases of FA concentrations in
muscle, when the severe ENSO was occurring in 2017. In general,
bivalve mollusks decrease the FA concentrations in contaminant-
exposed conditions, both in the laboratory or in situ. C14:0, C16:0,
C18:0 and C20:4n-6 ARA decreased in the yesso scallop Miz-
uhepecten yessoensis' gills after exposure with Cd. The bivalves
Cerastoderma edule and Scrobicularia plana reduced their concen-
trations of SFA, monounsaturated fatty acid (MUFA) and PUFAwhenthey were exposed to herbicides. The blue mussel
M. galloprovincialis exhibited differences FA composition (i.e. PUFA)
in reference vs impacted sites (Chelomin and Belcheva, 1991;
Gonçalves et al., 2016; Signa et al., 2015). In this study, FA as
biomarker seems to be more effective when additional stressors
(other than metal pollution) such as ENSO 2017 was present. FAs
were not capable to reﬂect the differences of metal pollution
among sites, but when ENSO-driven oceanographic conditions, (e.g.
also reﬂected in FA-food sources concentrations) was occurring,
they showed to be good biomarkers. It is noteworthy to mention
that the stable isotope d15N in muscle of A. purpuratus partially
conﬁrmed the FA proﬁle in this study. A. purpuratus’ muscle d15N
increases up to 9.32± 0.29‰ in SL during (4S) ENSO 2017 (high-rain
period). This also reﬂects the degree of impact (i.e. eutrophication-
nitriﬁcation) in that location, in comparison with other locations
(IRZ: 8.02± 0.16‰; NL: 7.76± 0.21‰) and with 2016 (~7.80‰ in
average for SL) (Table 2; supplementary material).
In general, FA concentrations increased in food sources in 2017
compared to 2016. This is signiﬁcantly more pronounced for POM
than seston and sediments for C18:1n-9. The same result was also
observed for estuarine ﬁsh close to wastewater discharges
(Sakdullah and Tsuchiya, 2009). A high proportion of C18:1n-9 was
found in the diets of these ﬁshes, as we observed in the POM of this
study in 2017, the year of the severe ENSO. More rain and river-
discharges impacted the environmental conditions, e.g. a plume
was observed along the Sechura Bay (pers. obs). Fischer et al. (2014)
determined also higher concentrations of SFA at the plume (harbor
exit) in Monterey Bay, compared to further locations.
What determines if a species is a good biondicator? According to
several authors the following criteria should be fulﬁlled: a) rela-
tively sedentary organism; b) easy to collect (e.g. by hand); c)
widely-distributed; d) high capability for contaminant-
incorporation; e) species reﬂect the degree of environmental
pollution (inc. linear relationships); and f) response-effect due to
stressor. All of these parameters are fulﬁlled by the Peruvian scallop
A. purpuratus in this study. Bel'cheva et al. (2002) also mentioned
that Pectinidae species (e.g. A. purpuratus) have the potentiality as
bioindicator species due to their higher degree of differentiation in
organs. These organs are well developed and can easily be distin-
guished from each other, in comparison to other mollusk bivalves
(e.g. mussels) used in monitoring programs. Bustamante et al.
(2002) also found that scallops could accumulate higher concen-
trations of contaminants in different organs (e.g. our study:
A. purpuratus digestive gland up to 330 mg/g Cd dwt), which seem to
be higher than in the currently used bioindicator species such as
mussels or oysters (Metian et al., 2009a, 2009b). On the other hand,
criteria e) and f) were only partially fulﬁlled as e) A. purpuratus
exhibited only differences between locations in metal concentra-
tions and also reﬂected in environment metal levels (e.g. sedi-
ments). No clear linear relationship (n¼ 72, r2< 0.09) was found
between the age or size (e.g. total length) and
P
metal concentra-
tions (As, Cd, Cu, Fe, Mn, Pb, Zn) of A. purpuratus' tissues; f) then
only FA were suitable biomarkers in order to see the response-
effect during the severe ENSO 2017. Temporal variations were
clearer in long-term (annual) analysis than in short-term (period).
5. Conclusions
Peruvian scallop A. purpuratus was identiﬁed as potential bio-
indicator species to be used along the coast of Peru. This species is
well distributed as both wild and cultivated species. This scallop is
able to accumulate high concentrations of metals (also reﬂected in
environment compartments) and exhibits response-effects when
adverse conditions are present (i.e. ENSO driven-conditions). For
spatial and temporal monitoring, it is crucial to consider the scale
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evaluations. When regions were compared, such as Sechura (Piura)
vs Paracas (Ica) a better differentiation was observed. When the
time-lapse of evaluations was too short (two month period),
comparisons were not sufﬁcient to see patterns, whereas a yearly
comparison showed clear patterns. We advise seasonal evaluations
(three-monthly) as most suitable for this species. The application of
a battery of biomarkers and/or tracers (i.e. molecular compounds,
stable isotopes, etc.) is a key for understanding the response of
organisms due to anthropogenic and/or natural stressors. However
cost-beneﬁt should be considered for a long-term and sustainable
scallopmonitoring program in Peruvianwater domains. Metals and
FAs are promising tracers and biomarkers for A. purpuratus moni-
toring for spatial (degree of pollution) and temporal (ENSO effect),
respectively.
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